We used the exact eigenvectors of the generalized Hubbard Hamiltonian solution to predict the transition intensities of the well known GR1 and N D1 transitions at the neutral and charged vacancies in diamond. In addition to using exact eigenvectors, the method of the calculation is more precise than already reported calculations. The quantitative results can exlain recent experimental data very good.
I. INTRODUCTION
Coulson and Kearsly introduced molecule concept for vacancy defect in diamond. 1 As the results they used the common method for calculation the electronic structure of the molecules in quantum chemistry i.e. Molecular orbital and Configuration interaction.
In essence in this model, molecular orbital method gives correct symmetry and spin of the electronic levels of the vacancy and configuration interaction considers the correlation effects of e-e interaction and gives correct sequence of the electronic levels. Molecular orbital method has been the only way for accounting the appropriate symmetry and spin of the vacancy since Coulson and Kearsly model.
Already we showed that generalized Hubbard Hamiltonian can also take into account correct symmetry and spin of the system in a completely different manner. 2 This approach has origin in the solid state physics and pay more attention to include symmetry and spin considerations of the system in the form of a Hubbard like Hamiltonian. This is in contrast to quantum chemistry approaches (molecular orbital theory) which pay more attention to the construction of the symmetry and spin adapted wavefunctions.
Both approaches use some parameters (8 parameters for exact evaluation of e-e interaction) which can be obtained by theory or semi empirical methods. These parameters can be obtained by choosing appropriate atomic orbital function for dangling bonds of the vacancy.
This evaluation is independent of the model of Hamiltonian calculation. These parameters are the origin of the one type of approximations which exist in the molecular model. These parameters are the only input of the generalized Hubbard Hamiltonian formalism and after evaluating and putting them into the computational scheme the exact eigenvalues and eigenstates can be obtained.
The situation in the Coulson and Kearsly model and its related models 3 which use molecular orbital techniques is different. These models not only use these approximate parameters but also apply some approximation in constructing appropriate CI wavefunctions as the bases for calculating the Hamiltonian.
Basically the coefficients of the manually constructed CI wavefunctions in these models should be calculated by variational principal. Also there should be some hypothesis about the most probable configurations in the ground and excited electronic state of the system. Additionally there should be an assumption for truncation limit in accounting a high number of determinant Slaters in the expansion of the CI wavefunctions.
These assumptions and approximations, results to a approximately CI wavefunction for the electronic states of the vacancy in Coulson and Kearsly and related models. 1, 3 In our last communication 2 we also explaineded some ambiguity of the applying such CI method for this problem.
In summary, it is obvious that the CI wavefunctions in molecular models are not the exact eigenvectors of the Hamiltonian of the vacancy system.
Here we should note to this point that our using bases consist of the atomic 
Accordingly for the dipole transition from the ground states of the V 0 and V − i.e. GR1 and ND1 we have two allowed transitions which their intensities or
In the above equations i is the degeneracy label of the states and ϕ j 's are the Here we review in detail the steps of the calculation of the intensity of one typical transition e.g.
The amplitude of this transition from Eq. (4), Eq. (5) is:
In this calculation we have evaluated all of the < ϕ i | − → r | ϕ i > terms up to s order. s is the overlap integral of the two adjacent atomic orbital of the vacancy.
We have calculated the value of s using appropriate Slater type function with exponent 1.595 as atomic orbital. The result was 0.16 which agrees with the previous models.
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These types of amplitudes i.e. < ϕ i | − → r | ϕ i > are direct expectation values of the dipole − → r operator which arise from the same determinant Slaters terms of the 1 E and 1 T eigenvectors in Table a . These four electronic terms can be expanded to single particle terms as follow.
the terms which are proportional to s 2 are neglected equation in the above equation. In addition to these direct terms we have considered the cross terms in which the ϕ i and ϕ j in Eq. (6) are two different determinant Slaters. The main contribution of the cross terms comes from such < ϕ i | − → r | ϕ j > terms in which ϕ i and ϕ j only differ in one orbital. These terms are proportional to s.
For example for contribution of the abcd and abcc determinants we have:
In these expansion the sign of the terms should be considered according to the permutation of that orbital which is different in two determinants.
For simplifying the last term in Eq. (9) we have used well known Mullikens's approximation:
Now by these rules we can calculate the rate of the transition between each degenerate ground and excited states by squaring each transition amplitude.
For simplifying the writing of the formula we have used the abbreviation:
and therefore the final amplitude of the dipole transition will be in the form:
The α i are obtained from coefficients which are listed in Table a and also using value of s = 0.16.
Since the − → r aa , − → r bb ,... are not orthogonal and they have equal length, after squaring the amplitude to find the transition rates we will have:
III. RESULTS AND DISCUSSIONS
The intensities of each six and twelve allowed dipole transitions from the two and four fold degenerate ground state of V 0 and V − ( GR1 and ND1 ) are summarized in Table I , II. These transitions are calculated by the method which was explained in the last section. In the absence of L − S coupling, transition between ground and excited states with different S z should be zero, therefore as the results of our calculations show, Table   II should be block diagonal. The total rates of the transitions from each of the degenerate ground state of the V 0 and V − are summarized in the Table I , II.
Excited states Sz 0 0 As it is seen from the tables the total rates of the transition from each degenerate ground state are nearly equal. Physically this sounds good. We expect that in an spectroscopic experiment which does not distinguish the degeneracy of the ground and excited states, one can not create a change in the relative population of the balanced degenerate ground states by illumination of light.
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For obtaining the effective transition rate between degenerate ground states we should average over the the total transition rates. 6 This arises from this point that the probability of the existence of the system in each of the degenerate states is equal. In other hand the number of the electrons which populate the degenerate ground states are equal.
Total transition rates of the GR1 and ND1 degenerate ground states are listed in the last line of the Table I , II. From Table I we obtain:
and from Table II we obtain:
With these values we obtain the relative intensities of the GR1 and ND1 absorption lines:
This is in excellent agreement with the recent experimental work on the GR1
and ND1 transitions intensities. 7, 8, 9 We have used these values from Davies 10 who has calibrated them. The experimental data shows that the relative intensities of the ND1 and GR1 is equal to 3.25 7,8 or 4 7, 9 . Our theoretical value is also consistant with the experimental error which is reported more recently. 11 The error of our calculation which arises from averaging over the total transition rates are 10 percent for ND1 and 11 percent for GR1. These errors should be due to approximations in obtaining the Hamiltonian parameters. This means that if we were able to estimate exact atomic orbitals of the vacancy and also
Hamiltonian parameters then we expect that the total rates of the transition be equal. (last line of Tables I, II) One important question in this problem has been the importance of the overlap effect of the vacancy orbitals. We have recalculated the intensities with the neglecting the overlap of the orbitals i.e. s = 0. The results for the GR1 intensity is 0.23 which is same as Eq. (14) and for ND1 the result is 0.87, higher than the value of the Eq. (15). By this assumption we reach to 3. 
